This study investigated whether neurophysiologic responses (auditory evoked potentials) differ between typically developed children and children with phonological disorders and whether these responses are modified in children with phonological disorders after speech therapy. METHODS: The participants included 24 typically developing children (Control Group, mean age: eight years and ten months) and 23 children clinically diagnosed with phonological disorders (Study Group, mean age: eight years and eleven months). Additionally, 12 study group children were enrolled in speech therapy (Study Group 1), and 11 were not enrolled in speech therapy (Study Group 2). The subjects were submitted to the following procedures: conventional audiological, auditory brainstem response, auditory middle-latency response, and P300 assessments. All participants presented with normal hearing thresholds. The study group 1 subjects were reassessed after 12 speech therapy sessions, and the study group 2 subjects were reassessed 3 months after the initial assessment. Electrophysiological results were compared between the groups. RESULTS: Latency differences were observed between the groups (the control and study groups) regarding the auditory brainstem response and the P300 tests. Additionally, the P300 responses improved in the study group 1 children after speech therapy. CONCLUSION: The findings suggest that children with phonological disorders have impaired auditory brainstem and cortical region pathways that may benefit from speech therapy.
& INTRODUCTION
Phonological disorders are the most common speech and language impairments in children, with a prevalence of 8 to 9% (1) . Auditory evoked potential (AEP) investigations in children with phonological disorders have shown that these children have altered auditory brainstem responses (ABR) (2) and P300 potentials (3) , suggesting the involvement of the central auditory pathway.
Motivated by an interest in identifying auditory processing deficits in children with speech and language disorders and in monitoring the rehabilitation process, AEPs have been used to assess the auditory pathway in children with language impairments. In fact, many authors have emphasized the importance of using AEPs to promote comprehension of the underlying language impairment neurophysiology and to identify the many changes that occur along the central auditory pathway, some of which are not clinically manifested (4, 5) .
The AEPs provide information about the neural activity and functional integrity of the auditory pathway in response to an acoustic signal. They are classified as early, middle, and late, according to response latencies (6) .
The ABR test is a noninvasive objective test that registers the responses generated by the synchronous firing of structures in the nuclei along the auditory brainstem. This potential is composed of a set of seven waves that appear from 0 to 10 ms after acoustic stimulus presentation (7) . The auditory middle-latency response (AMLR) test is composed of a set of positive and negative waves (Na, Pa, Nb, Pb, Nc, and Pc) that follow the ABR and are present until 80 ms after acoustic stimulus presentation (8) . The generators of these waves include the auditory structures of the middle brainstem, reticular formation, sensory nuclei of the thalamus, and the primary auditory cortex (9) . The P300 cognitive potential is an endogenous long-latency auditory evoked potential that appears approximately 300 ms after acoustic stimulus presentation (10) . P300 generators are relatively diffuse across the brain and include the auditory cortex, centroparietal cortex, hippocampus, and the frontal cortex (11) .
Studies have shown that speech sound perceptions can be modified with training (12) (13) (14) . Additionally, considering that AEP changes occur before behavioral sound perception improvements, it is possible, through electrophysiologic recordings, to evaluate modifications that occur after speech therapy by practicing a skill or by frequent stimulus exposure due to neuronal plasticity.
Therefore, the aims of the present study were to investigate whether neurophysiologic responses (AEPs) differ between typically developing children and children with phonological disorders and whether these responses are modified in children with phonological disorders after speech therapy. 
& MATERIALS AND METHODS

Study design
Participants
The participants were 47 native Portuguese-speaking children (19 male and 28 female) aged between 8 and 11 years (mean age = eight years and 11 months) who had normal bilateral hearing (pure tone thresholds #15 dB HL for octaves 250-8000 Hz) and type A tympanometry curves (15) . The parents or legal guardians of the children signed a free and informed consent form, which allowed participation in the study. The subjects were divided into control (CG) and study groups (SG). The CG comprised 24 typically developing children (five male and 19 female), with a mean age of eight years and 11 months. The SG comprised 23 children with phonological disorders (14 male and nine female), with a mean age of eight years and 10 months. This group was divided into two subgroups: SG1, which was composed of 12 children who were enrolled in speech therapy sessions, and SG2, which was composed of 11 children who were not enrolled in speech therapy but were on the Phonology Lab outpatient care waiting list. Subjects from both subgroups were given an initial electrophysiological evaluation and a second electrophysiological evaluation after three months. One child from SG1 abandoned the speech therapy and was not reassessed, and two children from SG2 did not return for their second evaluation.
The SG subjects were referred for electrophysiological assessments by the Phonology Lab and were diagnosed with phonological disorders prior to inclusion in the study. The CG subjects were referred by an elementary school.
Additionally, the CG subjects were selected based on the following criteria: no language and speech disorder complaints, no previous enrollment in a speech therapy session, adequate performance in phonology and fluency (16) tests, and adequate performance in reading and writing screening tests.
Stimuli and recording parameters
The children were tested in a soundproof booth. Five silver electrodes were used for the AEP recordings (impedance ,5 kV), which were placed according to the International 10-20 Electrode System (IES) (17) . Trials in which artifacts were measured in excess of ¡45 mV were rejected from the averaged response calculations. The stimulus was delivered by a PC-based stimulus delivery system (Traveler Express; Bio-logic Systems Corp., Mundelein, IL, USA) using supra-aural earphones (TDH-39).
For the ABR test, a 19.1 clicks per second rate with a 0.1 ms duration was used with a 12 dB/octave filter slope, 100-3000 Hz band pass filter, and 2000 sweeps. Stimuli were presented at 80 dBnHL. The ABR recordings were duplicated for reliability. The peaks were marked, and their latencies (waves I, III, and V) and interpeak latencies (I-III, III-V, and I-V) were analyzed.
AMLRs were elicited by click stimuli (rarefaction polarity with a 0.1 ms duration) presented at 70 dBnHL at a 9.9 clicks/s rate. Additionally, a 10-150 Hz band pass filter was used to collect 1000 sweeps. Peaks were marked, and their latencies (waves Na and Pa) and amplitudes (Na-Pa) were calculated.
The P300 testing was performed using tone burst stimuli (alternating polarity, plat 30.00, and a 10.0 rise/fall) at 75 dBnHL and a 1.1 stimuli per second rate. The frequent (80%) stimulus was a 1000 Hz tone, and the rare (20%) stimulus was a 1500 Hz tone. Frequent and rare stimuli were randomized so there was no predictable sequence during the test. A 1-30 Hz band pass filter was used to record 300 stimuli. Each subject was instructed to identify the rare stimuli by raising a hand every time it appeared. The subjects responses to frequent and rare events were timelocked, sorted, and averaged separately. The peak was selected, and its latency (P300) was calculated.
Therapeutic model
The therapeutic model used in the Phonology Lab was adapted from the cycles approach proposed by Hodson and Paden (1991) (18) . This approach predicts that phonological acquisition in children with phonological disorders will be gradual, as in typically developing children. During the 12-week cycle, some phonological processes were selected, and minimal pairs to each target sound were presented in weekly sessions. The target phonological process selected was usually the one with the greatest occurrence. Additionally, target sound articulation training was performed at the beginning of each session, along with hearing training, which involved delivering the target sound through an earphone.
Data collection and analyses
Speech and language tests All subjects were tested using the ABFW Child Language Test, which is a standardized speech and language performance measurement (16) . The test was standardized for Brazilian Portuguese and is commonly used for diagnostics in the Phonology Lab. For the CG, phonology and fluency subtests were used. For the SG, vocabulary, pragmatics, phonology, and fluency subtests were used. Additionally, other tests were used to analyze continuous speech, oral motor skills, and phonological processing. The speech samples collected were recorded and later transcribed and analyzed.
Electrophysiological evaluations
All electrophysiological evaluation procedures were performed on the same day to avoid interference. After the first electrophysiological evaluation, which included ABR, AMLR, and P300, the SG1 children were admitted to a speech therapy program, which consisted of 12 weekly 45-minute therapy sessions. The established session number represented the period of best progress with the least amount of absences and therefore involved a greater number of consecutive sessions. Children from this subgroup underwent a second electrophysiological evaluation after 12 speech therapy sessions (three months). The SG2 children were also given a second electrophysiological evaluation after a three-month period to ensure that any AEP result improvements observed in the SG1 children were due to neuronal plasticity rather than to maturational aspects.
One child from SG1 abandoned speech therapy and was not reassessed, and two children from SG2 did not return for their second evaluation.
Experienced evaluators manually marked the waves I, III, and V ABR latencies, the AMLR Na-Pa amplitude, and the P300 latency. The evaluators were blinded to the subjects' identities and diagnostic categories. The mean, median, and standard deviation (SD) values were obtained for the ABR, AMLR, and P300 parameters for both the CG and SG groups. The measures were compared between groups.
Statistical analysis
The ANOVA test was used for the latency and amplitude measurement statistical analyses. Differences between the group and subgroup responses were considered significant when p#0.05.
& RESULTS
Auditory brainstem response (ABR)
No significant differences were observed between the right and left ears in either group regarding the latency values for waves I, III, and V and interpeaks I-III, III-V, and I-V. Thus, the mean latency values (absolute and interpeak intervals) for each group were determined and compared between the groups.
The means, medians, and SD for each wave and the interpeak values for both groups are displayed in Table 1 . Statistical analysis showed that the latency values for wave III (p = 0.022) and interpeaks I-III and I-V (p = 0.003 and p = 0.015, respectively) obtained at the first electrophysiological evaluation were significantly longer in the SG compared with the CG.
The ABR latency values recorded in the first and second electrophysiological evaluations for subgroups SG1 and SG2 are displayed in Table 2 . Statistical analyses demonstrated that the wave I latency in SG1 was significantly shorter in the first electrophysiological evaluation in comparison with the second evaluation. In SG2, no significant latency value differences were observed between the two evaluations ( Table 2) .
Auditory middle latency response (AMLR)
There were no group differences for AMLR regarding the Na-Pa amplitudes measured during the first electrophysiological evaluation (Table 3) .
There were also no significant differences observed within the subgroups (SG1 and SG2) between the first and second electrophysiological recorded measurements (Table 4) .
Cognitive potential (P300)
No significant differences were observed between the right and left ears in either group regarding the P300 wave latencies. The mean latency was therefore determined for each group for comparisons between groups.
The P300 latency mean, median, and SD values for both groups (CG and SG) are displayed in Table 5 . Statistical analysis demonstrated that the wave latency recorded in the first electrophysiological evaluation was significantly longer in the SG than in the CG.
The comparison between P300 wave latency results measured in the first and second electrophysiological evaluations demonstrated significant differences only in SG1, whereby shorter latency values were observed after speech therapy. There was no significant difference between the first and second evaluations in SG2, however (Table 6) .
& DISCUSSION
Auditory brainstem response (ABR)
In the ABR latency measurements (wave III and I-III and I-V interpeaks), the SG children presented longer latencies compared with their controls, which suggested an encoding delay at the cochlear nucleus region for the SG (Table 1) . These results corroborate previous literature findings that demonstrated that children with phonological disorders have longer ABR wave latencies (waves I, III, and V) compared with typically developing individuals (2). This observation supports our hypothesis that these subjects present abnormal neural synchrony at the brainstem level.
Some studies have demonstrated different results when comparing click ABR results between normal children and those diagnosed with language disorders (i.e., lower amplitudes for waves I, III, and V compared with the control group) (19), learning difficulties (i.e., shorter latencies for wave V and interpeak III-V than the control group) (20) , and specific language impairments (i.e., Table 3 -The control (CG) and study (SG) group comparisons regarding the AMLR Na-Pa amplitudes in the C3/A1, C4/A1, C3/A2, and C4/A2 modalities. increased waves III and V latencies compared with the control group) (21) . Among these findings, longer latencies and reduced wave amplitudes were more frequently observed. Such findings show that children with phonological disorders present lengthening of ABR waves' latencies more often than typically developing children, suggesting different brainstem auditory pathway functions. We emphasize that the wave III and the I-III and I-V interpeak latencies in children with phonological disorders are within the normal range. The comparison between ABR waves and interpeak latencies obtained before and after the speech therapy sessions verified a significant difference only for the SG1 wave I latency. In contrast, no differences were observed in SG2 for the variables analyzed (Table 2) . Notably, the wave I latency was within the normal limits in both assessments for all SG1 individuals. It is believed, therefore, that this ABR difference pre and post therapy in the SG1 can actually be considered a normal latency lengthening and should not be regarded as a change due to stimulation.
Auditory middle latency response (AMLR)
There was no significant differences between groups regarding the obtained AMLR results. These results, however, do not corroborate the literature findings, which report that children with speech and language disorders or learning difficulties present altered AMLR amplitudes (19, 22) and Pa latency values (23) .
A potential limitation of the present study is that the subjects were not given auditory processing behavioral assessments. It is possible, therefore, that the CG children also presented with auditory processing disorders, which could have been responsible for the AMLR result alterations.
Considering the mean age of both groups, the altered AMLR results might have been due to maturation in the auditory pathway (24, 25) . AMLR alterations in children younger than 10 years old do not necessarily indicate abnormality because the Na and Pa waves are not fully formed until 10-12 years of age (25) . As previously mentioned, the adult AMLR standard is reached between 8 and 10 years of age (24); therefore, findings obtained in younger children should be carefully interpreted. Thus, caution should be used in AMLR data evaluations for diagnostic purposes in children entering the maturation phase.
Cognitive potential (P300)
Several studies have employed different long-latency auditory evoked potential types to evaluate children with language disorders, often finding latency and amplitude alterations (8, 19, 22, 26, 27) . Our results indicated that children with phonological disorders have abnormal auditory pathway neural coding. These results corroborate literature findings that reported longer latencies and decreased P300 amplitudes in children with phonological disorders (3). Another study observed that this population presented increased P300 latencies and decreased N2 component amplitudes, suggesting that neurophysiologic functioning in these children differs from that of typically developing children (27) . Nevertheless, other authors observed no significant Mismatch Negativity differences between children with and without phonological disorders. Notably, this evaluation also tests long latency auditory-evoked potentials (28) . Additionally, another study reported altered results in children with learning difficulties (22) . The authors of the latter study suggested that these alterations could be related to auditory discrimination difficulties that are due to a central auditory pathway deficit and therefore do not depend on the child's voluntary response or attention.
Another study indicated correlations between the temporal aspects of brainstem-evoked responses and cortical asymmetry for the processing of speech sounds (29) . These results reinforced the idea that the timing deficits reflected by electrophysiological brainstem measurements could affect cortical acoustic information processing.
In the present research, as in the others studies, increased latency values were the most frequent P300 alteration observed in children with language disorders (8, 30) .
Cortical auditory processing may be modified by several stimuli types, and these modifications can be quantified by AEP measures (31) . Our results indicated modifications in the cortical auditory region, as evidenced by decreased P300 values only in the children who received speech therapy. Likewise, a previous study reported P300 wave latency improvements in children with central auditory processing disorders that received therapeutic interventions (32) .
The P300 modifications observed after speech therapy can also be attributed to the neuronal plasticity phenomenon (33) . According to the literature, three plasticity types can occur in the auditory pathway, including developmental plasticity, compensatory plasticity (resulting from an injury to the auditory pathway), and learning-related plasticity (14) . The shorter P300 latency observed only in the group given speech therapy suggests that the plasticity type evidenced in the present study was learning-related plasticity.
Our P300 findings corroborate other studies (12, 34) that suggest that speech perception skills can be improved by training and that post-training improvements may be assessed by measuring auditory evoked potentials (12) . Several perceptual learning studies have shown that auditory behavioral training improves auditory discrimination skills due to the expansion of cortical representations to the stimuli used during training (34) .
The present study results indicate that children with phonological disorders present longer P300 latencies compared with typically developing children. This suggests that the cortical auditory pathway functions differently in children with phonological disorders and that they can benefit from speech therapy to improve their auditory abilities.
The Auditory Brainstem Response (ABR) and P300 results in the present study suggest that children with phonological disorders have auditory pathway impairments in the brainstem and cortical regions. Furthermore, the P300 potentials may improve with speech therapy. 
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